Hippocampal inhibitory interneurons comprise an anatomically, neurochemically and electrophysiologically diverse population of cells that are essential for the generation of the oscillatory activity underlying hippocampal spatial and episodic memory processes. Here, we aimed to characterize a population of interneurons that express the stress-related neuropeptide corticotropin-releasing hormone (CRH) within existing interneuronal categories through the use of combined electrophysiological and immunocytochemical approaches. Focusing on CA1 strata pyramidale and radiatum of mouse hippocampus, CRH interneurons were found to exhibit a heterogeneous neurochemical phenotype with parvalbumin, cholecystokinin and calretinin co-expression observed to varying degrees. In contrast, CRH and somatostatin were never co-expressed. Electrophysiological categorization identified heterogeneous firing pattern of CRH neurons, with two distinct subtypes within stratum pyramidale and stratum radiatum. Together, these findings indicate that CRH-expressing interneurons do not segregate into any single distinct subtype of interneuron using conventional criteria. Rather our findings suggest that CRH is likely co-expressed in subpopulations of previously described hippocampal interneurons. In addition, the observed heterogeneity suggests that distinct CRH interneuron subtypes may have specific functional roles in the both physiological and pathophysiological hippocampal processes.
Introduction
The hippocampus is a brain region essential for spatial and episodic memory (Neves et al. 2008 ). Such cognitive processes are believed to be influenced by different types of oscillatory activity (e.g., theta, beta and gamma rhythms) that occur within the hippocampus during specific behavioral events (Colgin 2016) . The generation of hippocampal, and indeed brain oscillations, reflects the highly coordinated activity of principal cells that are maintained by inhibitory GABAergic interneurons (Cobb et al. 1995; Freund and Buzsaki 1996; Bartos et al. 2007; Klausberger and Somogyi 2008) . During oscillatory activity, specific interneurons, of which there are at least 20 distinct types within the hippocampus, innervate discrete subcellular regions (e.g., soma, dendrites, axon initial segment) of pyramidal cells in a temporally distinct manner . Importantly, this spatio-temporal innervation of pyramidal cells by interneurons results in the activation of specific GABA A receptor (GABA A R) isoforms, which reside at discrete subcellular domains (i.e., synaptic or extrasynaptic sites) and are responsible for mediating phasic or tonic inhibition (Farrant and Nusser 2005) . As such, this spatiotemporal innervation ensures that inhibitory transmission not only contributes to dampening pyramidal cell excitability, but can modulate the gain, spike timing and bursting properties of principal cells, as well as contributing to the selective filtering of dendritic inputs (Miles et al. 1996; Isaacson and Scanziani 2011; Lovett-Barron et al. 2012; Royer et al. 2012; Hu et al. 2014; Roux and Buzsaki 2015) . Given the diversity of functions performed by interneurons, understanding how these inhibitory networks are organized, in particular whether specific rules govern their organization, remains a 1 3 central issue. Classifying hippocampal interneurons based upon a combination of their laminar location and innervation as well as their neurochemical and electrophysiological properties has proved a useful framework (Freund and Buzsaki 1996; Klausberger and Somogyi 2008) . Indeed, using such an approach, in vivo electrophysiological studies have indicated specific functional roles for these different interneuron subtypes during hippocampal oscillations, where action potential firing occurs at a distinct phase(s) of the oscillation (Klausberger et al. 2003 (Klausberger et al. , 2004 Klausberger and Somogyi 2008) . However, when additional factors such as transmitter release probability, short-term plasticity (Toth et al. 2000) , receptor expression (Mody and Pearce 2004) , and neurochemical content (i.e., co-expression of multiple peptides) are considered, it has become increasingly apparent that such a classification framework may not suffice to categorize interneurons into single subtypes (Cossart et al. 2006; Tricoire et al. 2011) .
Corticotropin-releasing hormone (CRH), a peptide classically associated with the neuroendocrine response to stress, is expressed in a population of interneurons located throughout the hippocampal layers (Yan et al. 1998b; Chen et al. 2001 Chen et al. , 2004 . Interestingly, electron microscopy studies suggest that these CRH-expressing interneurons do not represent a uniform population when the anatomical and neurochemical parameters typically used to define interneurons are considered (Yan et al. 1998b ). The principal receptor for this peptide, CRH receptor 1 (CRHR1), resides at specific subcellular locations on pyramidal cells (Chen et al. 2000) , while CRH receptor 2 (CRHR2) is restricted to the axon initial segment of these neurons (Joels and Baram 2009) . Electrophysiological studies have demonstrated that within the hippocampus both exogenous and endogenously released CRH, primarily increases pyramidal cell excitability via multiple mechanisms including the inhibition of Ca 2+ -dependent K + channel function (Aldenhoff et al. 1983; Haug and Storm 2000; ) and attenuating A-type K + channel activation (Kratzer et al. 2013) . CRH is rapidly released within the hippocampus following stress and this peptide has been implicated in mediating some of the stress-induced effects upon hippocampal function (Chen et al. 2004 . The development of a number of transgenic reporter mouse lines that specifically target the Crh gene (Sarkar et al. 2011; Chen et al. 2015; Hooper and Maguire 2016; Kono et al. 2017) have allowed the visual identification of these interneurons and studies have begun to postulate the functional role(s) of these cells (Hooper and Maguire 2016; Hooper et al. 2018) . Here, we employ a combined electrophysiological and immunocytochemical approach to characterize the properties of CRH-expressing interneurons located in strata pyramidale and radiatum of the mouse hippocampus CA1. Our data indicate that, based upon their electrophysiological and neurochemical phenotype, CRH-expressing interneurons comprise distinct and heterogeneous populations both within str. pyramidale, and similarly in str. radiatum. These observations suggest that CRH interneurons may have functionally distinct roles in modulating hippocampal activity during physiological and possibly pathophysiological contexts.
Materials and methods

Animals
Male C57BL/6J mice as well as tdTomato-Crh (Crh-IRESCre; Ai14) transgenic mice were used in the experiments. In accord with recent NIH guidelines for rigor and reproducibility, we have aimed to conduct experiments that will yield robust, unbiased results. All procedures were performed in accordance with the National Institute of Health Guide for Care and Use of Laboratory Animals and were approved by the Institutional Care and Use Committee of the University of California, Irvine (UCI).
To generate tdTomato-Crh mice, B6(Cg)-Crh tm1(cre)Zjh /J (Crh-IRES-Cre) and B6.Cg-Gt(ROSA)26Sor tm14(CAG-TdTomato)Hze /J (Ai14) mice, obtained from Jackson laboratories (stock number 012704 and 007914, respectively), were maintained as homozygous colonies. Female homozygous Crh-IRES-Cre and male Ai14 mice were mated and the resulting offspring (tdTomato-Crh) were used for subsequent experiments. Mice were group housed on a 12:12 light/dark cycle and provided with access to water and standard rodent chow ad libitum. Electrophysiological recordings were made from animals derived from at least three different litters. A total of 45 tdTomato transgenic mice (P21-P40) were used for whole-cell patch-clamp recordings and 24 C57BL/6J mice (3-4 months) used for immunocytochemistry.
Antibody characterization
The antibodies used in this study are described below and in the antibody table (Table 1) . For CRH, this was a rabbit anti-human/rat CRH antiserum (Code #PBL rC68) provided as a gift from the antiserum resource center, Dr. Paul E. Sawchenko, Director, Salk Institute, La Jolla, CA, USA. The antiserum had been adsorbed with 2 mg human α-globulin and 1 mg α-MSH per ml serum. Detailed assessment of its specificity has been described (Chen et al. 2015) .
Tissue preparation and immunohistochemistry (ICC)
Mice were anesthetized under stress-free conditions with sodium pentobarbital (40 mg/kg). This approach prevented stress-induced release of native CRH from somata to axons and obviated the need for colchicine. Mice were transcardially perfused via the ascending aorta with 0.9% saline solution followed by perfusion with 4% paraformaldehyde solution made in 0.1 M phosphate buffer (PB, pH 7.4, 4 °C). Brains were postfixed in the perfusion-used fixative for 2-4 h (4 °C) and immersed in 15%, followed by 25% sucrose for cryoprotection. Brains were blocked in the coronal or sagittal planes and sectioned at 20 µm thickness using a cryostat. In each plane, 1 in 10 serial sections were subjected to CRH-ICC and an adjacent series of sections was stained with cresyl violet or DAPI (4′,6-diamidino-2-phenylindole). The others were used for double labeling ICC.
CRH-ICC was performed on free-floating sections using standard avidin-biotin complex methods, as described previously (Chen et al. 2001) . Briefly, after several washes with PBS containing 0.3% Triton X-100 (PBS-T, pH 7.4), sections were treated with 0.3% H 2 O 2 /PBS for 30 min, then blocked with 5% normal goat serum (NGS) for 30 min to prevent non-specific binding. After rinsing, sections were incubated for 2 weeks at 4 °C with rabbit anti-CRH antiserum (1:40,000) (Table 1) in PBS containing 1% BSA, and washed in PBS-T (3 × 5 min). Sections were incubated with biotinylated goat-anti-rabbit IgG (1:400, Vector laboratories, Burlingame, CA) in PBS for 2 h at room temperature. After washing (3 × 5 min), sections were incubated with the avidin-biotin-peroxidase complex solution (1:200, Vector) for 3 h, rinsed (3 × 5 min), and reacted with 0.04% 3,3′-diaminobenzidine (DAB) containing 0.01% H 2 O 2 .
Concurrent immunolabeling of CRH and somatostatin or calbindin D-28 was performed as described in detail previously (Chen et al. 2001 (Chen et al. , 2015 . Briefly, sections were first incubated for 2 weeks at 4 °C with rabbit anti-CRH antiserum (1:40,000) in PBS containing 1% BSA, yielding a diffuse brown DAB reaction product. Sections were then rinsed in PBS-T, preincubated in 5% NGS and exposed to mouse anti-somatostatin (1:2000) or anti-calbindin D28k antibodies (1:8000, ThermoFisher) 2 days at 4 °C, followed by the biotinylated second antibody and avidin-biotin-peroxidase complex solutions as described above. To visualize somatostatin or calbindin antibody binding, sections were rinsed, transferred to a 1 × acidic buffer (pH 6.2), and then incubated in reaction buffer containing benzidine dihydrochloride (BDHC) and H 2 O 2 (Bioenno Tech, Santa Ana, CA, USA) for 5-6 min. The reaction stopped by rinsing in 0.01 M PB containing 0.1% Triton X-100 (pH 6.2).
Immunofluorescence single and dual staining
CRH immunofluorescence staining was performed on freefloating sections using the tyramide signal amplification (TSA) technique (Chen et al. 2004) . Sections were incubated with CRH rabbit antiserum (1:20,000) for 5-6 days (4 °C), then treated with HRP conjugated anti-rabbit IgG (1:1000; Perkin Elmer, Boston, MA, USA) for 1.5 h. Fluorescein or cyanine 3-conjugated tyramide was diluted (1:150) in amplification buffer (Perkin Elmer, Boston, MA, USA), and was applied in dark on ice for 5-6 min. To visualize the dendritic spines on pyramidal-like tdTomato cells in the hippocampus, free-floating sections were incubated with rabbit anti-RFP (1:2000) overnight at 4 °C, followed by incubating in antirabbit IgG conjugated to Alexa Fluor 488 or 568 (1:400, Invitrogen) for 2 h (RT).
To assess the co-expression of potentially low levels of CRH in tdTomato reporter-expressing neurons, concurrent visualization of CRH peptide and tdTomato was performed using the TSA technique as described. For dual labeling of CRH and parvalbumin (PV), cholecystokinin (CCK) or calretinin, sections were first incubated with CRH (1:20,000) as described above, yielding a green or red fluorescence reaction product. Following CRH detection, sections were then rinsed in PBS-T, preincubated in 5% NGS and exposed to GAD67 (1:2000) , PV (1:10,000), CCK (1:2000) or calretinin (1:5000) antibodies for 2 days at 4 °C. Immunoreactivity was visualized using anti-mouse or anti-rat IgG conjugated to Alexa Fluor 488 or 568 (1:400, Invitrogen).
Combined in situ hybridization (ISH) and ICC
Combined ISH and ICC were performed as described previously (Chen et al. 2001) . Briefly, free-floating sections were first processed for GAD67-ISH followed by CRH-ICC: for hybridization, DIG-labeled RNA probes were added, and sections were incubated overnight at 55 °C. Following hybridization, sections were washed, most stringently in 0.1 × SSC at 65 °C for 30 min, and hybrid molecules were detected using an anti-DIG-alkaline phosphatase. For visualization of CRH-immunoreaction, sections were rinsed and processed for CRH-ICC as above with the exception that decreased concentrations of DAB (0.02%) and H 2 O 2 (0.005%) were used. The specificity of the hybridization reaction was verified by substituting labeled sense probe for the antisense probe and by omitting either the antisense probe or alkaline phosphatase-conjugated antibody. No labeling was observed under these conditions. To evaluate the possibility of altered sensitivity or specificity due to combined ISH/ICC, sections processed only for ICC or ISH were compared with matched sections subjected to the dual procedure.
Electrophysiology
Brain slice preparation
Hippocampal brain slices were prepared from male tdTomato-Crh mice . Briefly, brains were rapidly removed and placed in ice cold, oxygenated (95% O 2 ) artificial CSF (aCSF) containing (in mM): 87 NaCl, 75 sucrose, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 7 MgCl 2 and 10 glucose (320-335 mOsm). Coronal brain slices (300-320 µm) were then cut using a vibratome (Leica VT 1000) at 0-4 °C. Slices were subsequently incubated in a recovery chamber at room temperature for up to 1 h in oxygenated aCSF (as above), before being transferred to a holding chamber and incubated at room temperature (20-22 °C) in oxygenated extracellular solution (ECS) containing (in mM): 124 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 2.5 CaCl 2 , 1.25 MgSO 4 , 26 NaHCO 3 , and 10 glucose (300-310 mOsm, pH ~ 7.4). Slices were then transferred to the recording chamber as required.
Whole-cell current-clamp recordings
Neurons were visualized with an upright microscope fitted with epifluorescence optics (Nikon Eclipse FN1) and camera (Photometrics CoolSNAP MYO). Fluorescent neurons with a more pyramidal shape that were found not to co-express CRH ( Fig. 2d-i) were not targeted for electrophysiology. Spontaneous and evoked action potentials were recorded from CRH interneurons at 26-28 °C in ECS (as above), using patch pipettes (R = 5-8 MΩ) filled with an intracellular (IC) solution containing the following (in mM): 135 K-gluconate, 10 HEPES, 4 KCl, 1 MgCl 2 , 2 Mg-ATP, 0.3 Na-GTP and 10 Tris-phosphocreatine, 300-310 mOsm, pH 7.2-7.3 with KOH. The IC solution additionally contained 1 mg/ml neurobiotin to label the recorded neuron for post hoc analysis. Within the CA1, CRH interneurons and pyramidal cells were held at an uncorrected (for liquid junction potential) membrane potential of − 60 to − 65 mV and incremental 10 pA current steps (500 ms duration) were injected every 10 s (from − 40 to 100 pA). For recordings of spontaneous action potentials and intrinsic physiological properties a liquid junction potential of 14 mV was corrected as previously described (Neher 1992) . Currents were filtered at 5 kHz using an 8-pole low-pass Bessel filter. All recordings were performed using an Axopatch 1D amplifier (Molecular Devices) and pClamp 9. Recordings were stored directly to a PC (10 kHz digitization) using a Digidata 1322A (Molecular Devices) for analysis offline. At the end of recordings, slices were collected into 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4, 4 °C) and fixed 60 min for post hoc analysis of recorded cells. The fixed slices were cryoprotected and sub-sectioned (25 µm). CRH-neurobiotin dual-labeling ICC was performed on free-floating sections. Briefly, CRH was detected using the tyramide signal amplification (TSA) technique as described above. The neurobiotin signal was visualized with avidin conjugated to Alexa Fluor 488 (1:400; Invitrogen).
Imaging
Brain sections were visualized on a Nikon Eclipse E400 epi-fluorescence microscope equipped with fluorescein, rhodamine, and DAPI/FITC/TRITC filter sets. Light microscope images were obtained using a Nikon Digital Sight camera controlled by NIS-Elements F software (version 3.0, Nikon Instruments Inc., Melville, NY, USA). Confocal images were taken using an LSM 510 confocal microscope (Zeiss, Göttingen, Germany) with an Apochromat 63 × oil objective (numeric aperture = 1.40). Virtual z-sections of < 1 µm were taken at 0.2-0.5 µm intervals. Image frame was digitized at 12 bit using a 1024 × 1024 pixel frame size. To prevent bleed-through in dual-labeling experiments, images were scanned sequentially (using the "multi-track" mode) by two separate excitation laser beams: an argon laser at a wavelength of 488 nm and a He/Ne laser at 543 nm. Z-stack reconstructions and final adjustments of image brightness were performed using ImageJ software (version 1.43, NIH).
A square lattice system placed over str. pyramidale and str. radiatum of hippocampus CA1, was used to quantify (i.e., count) the number of immunofluorescent cells present. A first-pass analysis was conducted using a 20 × magnification, which was further verified under a higher 63 × magnification. For each animal, 5-6 sections per hippocampus were analyzed, and a total of six mice used to calculate the final cell numbers and overlap ratios.
Data analysis
Action potentials were detected in Clampfit 10.2 using an amplitude threshold algorithm and visually inspected for validity. Action potentials were analyzed with regard to their amplitude (total spike), rise time (10-90%), decay time (10-90%), half-width and the amplitude of the after-hyperpolarization (AHP). An input-output (I-O) curve determining the number of action potentials fired in response to current injection was measured and the output calculated as events per second (i.e., Hz) for each cell. The action potential threshold was defined as the voltage at which the upward slope reached 10 mV/ms following a current injection (differed across cells). The rheobase for each cell was defined as the current injection that elicited 3 or more action potentials. A neuron is typically considered as fast spiking if the firing frequency is > 50 Hz at RT (22 °C) and > 150 Hz at physiological temperature (35 °C, Hu et al. 2014) . Using an estimated Q 10 value of 2.3, in the present study (temp 26-28 °C) a neuron was considered fast-spiking if the action potential frequency was > 58 Hz. The current-voltage (I-V) relationship was calculated at an uncorrected membrane potential of − 60 to − 65 mV for each current step (from − 40 to + 50 pA) and a mean input resistance (R Input ) calculated as the change in voltage following a − 10 pA current injection (Ohm's law:
In general, at least three stimulation protocols/cell was used to calculate the mean I-O, I-V and R input values. The resting membrane potential was measured by averaging a section(s) of stable, event free baseline recording. The membrane time constant (τ membrane ) was determined by fitting a single exponential function to the first 250 ms of the voltage response induced by a − 10 pA current step (500 ms).
Statistical analysis
Data were analyzed using Prism 6 software (GraphPad Prism, RRID: SCR_002798, San Diego, CA, USA). Tests included one-way or two-way analysis of variance (ANOVA) as indicated in the text, with Bonferroni's or Newman-Keuls post hoc tests. Significance was set at 95% confidence, and values are presented as mean ± SEM unless otherwise indicated.
Results
CRH expressing neurons are exclusively GABAergic
In the hippocampus, CRH-immunoreactive (ir) neurons were distributed throughout all layers of hippocampal subregions. In area CA1, CRH-ir cells typically had a small round or fusiform soma with short primary dendrites and were primarily located in the pyramidal cell layer and stratum radiatum (Fig. 1) . Consistent with previous studies (Yan et al. 1998b ), these CRH-ir cells are GABAergic interneurons. They co-expressed glutamate decarboxylase 67 (GAD 67 ) mRNA (Fig. 1a, b) and protein ( Fig. 1c-e ; Table 2 ), representing ~ 7% of GAD 67 mRNA-expressing interneurons (Table 2) . To confirm the validity of a tdTomato-Crh mouse line, we used dual labeling immunocytochemistry to check the expression of Crh reporter and its colocalization with endogenous CRH peptide (Fig. 2) . We found tdTomato reporter-expressing cells located throughout the hippocampal layers (Fig. 2d) . In the pyramidal cell layer and stratum radiatum, the large majority of reporterexpressing cells co-expressed CRH peptide (Fig. 2a-c) . We did observe reporter expression without co-expression of CRH in a population of pyramidal-like cells (Fig. 2d-i) . These large cells were typically located towards the border of CA1 and CA3 (Fig. 2d ) and were morphologically similar to pyramidal cells (Fig. 2e, f) . Indeed, the observation that these neurons have abundant spines located on the apical dendrites (Fig. 2e, f) lends support to the notion that they are in fact pyramidal cells. The absence of CRH expression in these large pyramidal-like neurons was in contradistinction to the clear CRH co-expression observed in neighboring non-pyramidal like cells within the same section ( Fig. 2g-i) . These findings corroborate previous characterizations of this mouse line (Chen et al. 2015) , and, despite a degree of nonspecific reporter labeling (e.g., pyramidal-like cells, dentate gyrus granule cells), highlight its value as a potential tool for exploring the properties of these neurons (see "Discussion").
CRH interneurons in the pyramidal cell layer and stratum radiatum are neurochemically heterogeneous
We next investigated the neurochemical phenotype of CRH interneurons to further characterize this population of cells. Using dual-labeling immunocytochemistry, we identified and quantified the number of CRH-interneurons within the pyramidal cell layer and str. radiatum of area CA1 that 1 3 co-expressed parvalbumin (PV), cholecystokinin (CCK), calretinin (CR), somatostatin (SOM) and calbindin D-28 (CB). Among these interneurons, PV was almost exclusively co-expressed with CRH interneurons located within str. pyramidale (str. pyramidale: 42.8 ± 1.4% of CRH-ir cells; str. radiatum: 4.6 ± 2.1% of CRH-ir cells; Fig. 3a ; Table 2 ). In contrast, CCK was preferentially co-expressed in CRH interneurons residing in str. radiatum (str. pyramidale: 16.4 ± 1.6% of CRH-ir cells; str. radiatum: 33.9 ± 1.8% of CRH-ir cells; Fig. 3b ; Table 2 ). The pattern of CR coexpression with CRH was still different: 20-25% of CRHexpressing neurons also expressed the protein (str. pyramidale: 25.8 ± 1.2% of CRH-ir cells; str. radiatum: 21.0 ± 1.5% of CRH-ir cells. Figure 3c ; Table 2 ). No co-localization was detected between CRH and SOM or CRH and CB ( Fig. 3d , e; Table 2 ).
Electrophysiological properties of CRH interneurons in the pyramidal cell layer and str. radiatum of area CA1
Having confirmed the tdTomato-Crh mouse line as a valuable research tool, we conducted whole-cell current-clamp recordings from CRH interneurons located within the pyramidal cell layer and str. radiatum of area CA1. Experiments determined the action potential firing in response to a current stimulus protocol (see "Materials and methods") Fig. 1 Endogenous CRH was exclusively expressed in GABAergic interneurons in strata pyramidale and radiatum of hippocampal area CA1 of adult C57BL/6J mice. CRH-immunoreactive (ir) somata co-expressed the GABA synthesizing enzyme glutamic acid decarboxylase GAD67 at both mRNA (a, b) and protein (c-e) levels, using combined immunohistochemistry and in situ hybridization (CRH, brown; GAD67 mRNA, blue) as well as dual labeling immunofluorescence (CRH, green; GAD67, red), respectively. The colocalization was denoted by arrowhead. SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. Scale bars 100 µm (a), 45 µm (b), and 125 µm (c-e) and characterized the intrinsic neuronal and action potential properties.
Pyramidal cell layer
The action potential firing pattern in response to a 100 pA current injection could be divided into two broad groups: type 1 that displayed fast adaptation (FA) and type 2 that did not (Fig. 4a) . The majority of CRH interneurons were type 1 (11 out of 17 cells) and had a mean spike frequency of 22.3 ± 3 Hz in response to 100 pA injected current (n = 11, Fig. 4b ). Type 2 CRH interneurons were significantly more excitable, having a mean action potential frequency of 46.7 ± 6 Hz in response to the same current injection (n = 6, Fig. 4a ). Consistent with this observation, the I-O curve of type 2 CRH interneurons showed a significant leftward shift cf type 1 neurons (Fig. 4b) . Interestingly, type 2 CRH interneurons could be subdivided into two populations based upon their firing frequency and the relative degree of slow adaptation of action potential firing (Fig. 4a) . Slow adapting (SA) type 2 neurons (Type 2a) had a mean spike frequency of 34.8 ± 3 Hz (n = 4) in response to 100 pA current step, while fast-spiking (FS)-like cells (type 2b) were much less common having a mean frequency of 70.3 Hz (n = 2, Fig. 4a ). Although we specifically did not target the CRH-negative pyramidallike cells (i.e., Fig. 2d, e) , all recorded cells were filled with neurobiotin and processed for CRH expression post hoc (Fig. 4c ). For comparison, we next recorded the firing properties of CA1 pyramidal cells, which had a mean spike frequency in response to a 100 pA current injection of 22.7 ± 4 Hz (n = 7, Fig. 4a ). Pyramidal cells were Fig. 3 The co-localization of CRH-ir interneurons and interneuron markers in CA1 stratum pyramidale and radiatum of adult C57BL/6J mice. a A subgroup of CRH-ir cells in the str. pyramidale co-expressed parvalbumin (PV; arrowhead), but those in the radiatum seldom co-expressed this calcium-binding protein. b Co-localization was detected between CRH and cholecystokinin (CCK) in str. pyramidale and radiatum. CCK cells were more concentrated in the radiatum but were also found in the pyramidale. An example cell in the radiatum co-expressed CRH and CCK (arrowhead). Arrows denote CRH single-labeled cells. c A group of CRH-ir neurons in str. pyramidale and radiatum co-expressed calretinin (red). Calretinin-ir cells were distributed in the radiatum rather than in the pyramidale. d Somatostatin-expressing cells (dark-blue) were primarily detected in the stratum oriens (SO) in area CA1, but less found in the pyramidale and radiatum. No co-localization was found between CRH (brown, arrows) and somatostatin. e Co-localization of CRH (brown, arrows) and calbindin D-28 (dark-blue) was not detected in area CA1. Calbindin D-28 was expressed in one population of interneurons as shown here (a group of pyramidal cells also expressed calbindin D-28, not shown). SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. Scale bars 125 µm (a-c), 120 µm (d), 130 µm (e), and 15 µm (inset in e)
significantly less excitable than the type 2 CRH interneurons, while no significant difference was observed with type 1 cells (Fig. 4b) . Both CRH interneuron populations had a significantly higher R input than pyramidal cells ( Fig. 4d ; Table 3a ); in addition, the R input of type 2 CRH interneurons was significantly greater than that of their Fig. 4 CRH interneurons located in the str. pyramidale have heterogeneous firing properties and homogeneous action potential properties. a Type 1 CRH interneurons display rapid spike frequency adaption in response to a depolarizing current injection (100 pA), while type 2 neurons showed significantly less adaptation. The degree of spike frequency adaptation varied across type 2 neurons, with type 2a and type 2b neurons exhibiting slow adaptation (SA) and fast spiking (FS), respectively. Note that all subtypes differed from pyramidal cells. b Graph summarizing the mean spike frequency associated with depolarizing current steps for type 1 (n = 11) and type 2 (n = 6) CRH interneurons and pyramidal cells (n = 7). Note that type 2 CRH interneurons had a significantly higher mean spike frequency compared to type 1 and pyramidal cells (*p < 0.05 unpaired Student's vs pyramidal cell and type 1 neurons). Scale bars y = 20 mV and x = 20 ms in a, h; 60 µm in c type 1 counterparts ( Fig. 4d ; Table 3a ). The latency to first spike, in response to 100 pA injected current was significantly shorter for both types of CRH interneurons compared with pyramidal cells (Table 2a) . Pyramidal cells exhibited a linear I-V relationship (Fig. 4e) , while in both types of CRH interneurons a non-linear relationship was observed (Fig. 4e) . Spontaneous action potential firing was observed in ~ 67% (11 out of 17 cells) and ~ 60% (4 out of 7 cells) of CRH interneurons and pyramidal cells, respectively. No significant difference was observed between the mean membrane potential recorded from pyramidal cells or CRH interneurons (Table 3a) or the membrane time constant (τ membrane ; Table 3a ). Typically, a lack of spontaneous firing was observed in neurons (both pyramidal cells and interneurons) that had a more hyperpolarized membrane potential. The amplitude of action potentials recorded from CRH interneurons (both type 1 and type 2) was significantly reduced compared to pyramidal cells, while the AHP was significantly greater ( Fig. 4f-h; Table 3a ). No differences were observed in the action potential half-width, rise time or deactivation kinetics (Table 3a) .
Stratum radiatum
We next adopted a similar approach to characterize the properties of CRH-expressing interneurons located within the stratum radiatum of area CA1. As in the pyramidal cell layer, the action potential firing patterns recorded from radiatum CRH interneurons could be divided into two broad groups: type 1 neurons that displayed fast adaptation (FA) and type 2 neurons that did not (Fig. 5a ). The majority of CRH interneurons recorded from the radiatum were type 2, exhibiting slow or minimal adaptation of action potential firing (5 out of 8 cells). Type 2 neurons were significantly more excitable than fast-adapting type 1 neurons (Fig. 5b) . All neurons were labeled with neurobiotin and analyzed post hoc (Fig. 5c) . No significant differences in the R input , latency to first spike or the I-V relationship were observed between type 1 and type 2 CRH interneurons in the radiatum ( Fig. 5d , e; Table 3b ).
Spontaneous action potential firing was observed in 3 out of 9 CRH interneurons recorded in the stratum radiatum, with type 1 neurons having no spontaneous activity. The mean membrane potential and τ membrane of type 1 and type 2 CRH interneurons were not significantly different 8.7 ± 1.0* 9.9 ± 3.5* 34.1 ± 9.6 Amplitude (mV) 64.3 ± 2.3* 63.5 ± 5.1* 80.9 ± 5.8 Half-width (ms)
1.7 ± 0.1 2.0 ± 0.1 1.9 ± 0.1 Rise time (ms) 1.0 ± 0.1 1.2 ± 0.2 0.9 ± 0.1 Decay time (ms)
1.3 ± 0.1 1.6 ± 0.2 1.5 ± 0.1 AHP amplitude (mV) − 11.1 ± 1.1* − 9.3 ± 3.1* − 3.5 ± 0.3 (b) Stratum radiatum Type 1 (n = 3) Type 2 (n = 6) 48.2 ± 1.9* 58.6 ± 3.3* Half-width (ms)
1.9 ± 0.1 1.5 ± 0.3 Rise time (ms) 1.2 ± 0.1 1.5 ± 0.3 Decay time (ms) 1.5 ± 0.2 1.4 ± 0.2 AHP amplitude (mV) − 8.1 ± 2.9* − 11.4 ± 2.0* (Table 3b) . Furthermore, no significant differences were observed in any of the properties of action potentials recorded from type 1 and type 2 CRH interneurons recorded in this layer ( Fig. 4f-h ; Table 3b ).
Discussion
Here we provide the first functional/electrophysiological, neurochemical and neuroanatomical evidence that CRHexpressing interneurons located in str. pyramidale and str. radiatum of field CA1 are a heterogeneous population that cannot be classified into one distinct subtype using conventional criteria. These findings raise the possibility that CRH interneuron subtypes may have functionally distinct roles in the diverse processes executed within hippocampal circuitry.
Neurochemical and electrophysiological phenotype of CRH-interneurons
Our in situ hybridization and immunocytochemistry data are consistent with a number of previous studies using mice and rats, which demonstrated that CRH and GAD are coexpressed (Yan et al. 1998a, b; Chen et al. 2001 Chen et al. , 2004 Chen et al. , 2015 Hooper and Maguire 2016) . Additionally, using a dual-labeling approach we found a pattern of CRH co-localization, or indeed lack of, with different Ca 2+ -binding proteins (e.g., PV, CR, CB) and other peptides (CCK, SOM) that was largely consistent with previous reports in both rats and mice CRH interneurons located in the str. radiatum have heterogeneous firing patterns, but similar action potential and intrinsic properties. a Type 1 CRH interneurons display rapid spike frequency adaption (FA) in response to a depolarizing current injection (100 pA), while type 2 neurons showed significantly less adaptation (SA). b Graph summarizing the mean spike frequency associated with depolarizing current steps for type 1 (n = 3) and type 2 (n = 6) CRH interneurons. Note that type 2 CRH interneurons had a significantly higher mean spike frequency compared to type 1 (*p < 0.05 unpaired Student's t test vs type 1 neuron). c Confirmation of neurochemical profile of recorded neuron. Representative image of a single neuron recorded from the CA1 str. radiatum showing immunoreactivity for neurobiotin (green) and CRH (red). d Bar graph illustrating the mean input resistance (R input ) measured for type 1 and type 2 CRH interneurons. e Graph illustrating the I-V relationship for each type of CRH interneuron. Note that there is no difference in the I-V relationship. Bar graphs illustrating the mean action potential (f) and afterhyperpolarization (AHP; g) amplitudes recorded from type 1 (n = 3) and type 2 (n = 6) CRH interneurons. Note that there was no significant difference between type 1 and type 2 CRH interneurons (p > 0.05 unpaired Student's t test). h Exemplar representative action potentials (left), and accompanying phase plane plots (right), recorded from a type 1 (top) and a type 2 (bottom) CRH interneuron. Scale bars y = 20 mV and x = 20 ms in a, h; 60 µm in c 1 3 (Yan et al. 1998b; Chen et al. 2012 Chen et al. , 2015 . Interestingly, whereas the expression of CCK was previously reported not to overlap with that of CRH in rats (Chen et al. 2012) , this seems to differ in mice, with CCK-CRH co-localization in neurons located in both str. pyramidale and str. radiatum. This finding suggests potential species differences may exist and should be a consideration for future studies. In this regard, it should be noted that CRH co-localization has only been investigated, in both mice and rats, using a relatively small proportion of known interneuron markers, and additional experiments are required to further characterize these neurons (see section below). While our findings at the neurochemical level are generally in agreement with the literature, they are largely in contrast to a recent study that characterized the properties of CRH interneurons in CA1 (Hooper and Maguire 2016) . Such a discrepancy may be related to the use of different Crh-Cre driver (i.e., Crh-IRES-Cre and Crh-GFP) and/or reporter mouse lines (i.e., Ai14, Ai9), which has recently been suggested to result in the selective labeling of different subpopulations of CRH interneurons (Hooper et al. 2018) . Indeed, the fidelity of different Crh transgenic mouse lines has been the focus of recent attention (Martin et al. 2010; Chen et al. 2015; Hooper and Maguire 2016; Kono et al. 2017; Peng et al. 2017; Walker et al. 2018 ). In our hands, dual immunocytochemistry showed a high level of congruence between the reporter expression (i.e., tdTomato) and native CRH in the Crh-IRES-Cre mouse (present study; Chen et al. 2015) , although, consistent with others we did observe non-specific reporter labeling within the dentate gyrus (Walker et al. 2018) , as well as a population of pyramidal-like neurons on the CA1/2 border (Fig. 2d-f) . Importantly, the pattern of reporter expression and the anatomical features of labeled neurons were largely consistent with previous studies characterizing the distribution of CRH within the hippocampus (Yan et al. 1998a, b; Chen et al. 2001) . While selective labeling of different populations of CRH-expressing interneurons may account for some of the observed differences in neurochemical and physiological (below) phenotypes with previous studies (Hooper and Maguire 2016) , it remains to be determined whether the expression pattern of the native peptide differs between mouse lines. Certainly, differences in the immunocyotochemical methods, such as the duration and concentration of CRH antibody used cannot be ruled out as potential causes for the reported differences, while ascertaining whether expression of the peptide is dynamic (i.e., not static), changing in response to specific physiological states may also be important for explaining the observed differences.
The heterogeneity of CRH interneurons was similarly apparent at the electrophysiological level. CRH interneurons located in both hippocampal layers were classified based upon the degree of spike frequency adaptation displayed, with fast and non-fast adapting groups (Figs. 4, 5 (Brown and Adams 1980; Madison and Nicoll 1984; Fleidervish et al. 1996; Stocker 2004) and further studies are required to determine whether these may be important in differentially regulating the excitability of CRH interneuron subtypes. While differences in spike frequency adaption were observed in the two groups of CRH interneurons, many of the intrinsic properties and action potential characteristics were the same. A notable exception was a higher R input of type 2 neurons located in the pyramidal cell layer. This higher R input likely contributes to the increased excitability of these cells as illustrated by the lower rheobase and increased spike frequency of these cells. Additionally, CRH interneurons (both type 1 and type 2) had firing characteristics, intrinsic properties (e.g., R input , threshold, latency to spike) and action potential properties (e.g., peak, AHP amplitude) that were significantly different from CA1 pyramidal cell.
Notably, the electrophysiological properties reported here are only partially consistent with the findings from a recent study (Hooper and Maguire 2016) . As mentioned above, the apparent discrepancy between studies may be due to the use of different Crh-Cre driver (Crh-IRES-Cre and Crh-GFP) and/or reporter mouse lines (Ai14 and Ai9) and the possible selective labeling of different subpopulations of CRH neurons associated with these transgenic animals.
What class of interneurons do CRH-expressing cells represent?
Hippocampal interneurons are highly diverse, comprising over 20 distinct subtypes . Our data suggests that CRH interneurons located in CA1 str. pyramidale and str. radiatum cannot be classified as a single subtype based upon conventional anatomical, neurochemical and electrophysiological criteria. Rather, it would appear that CRH may be co-expressed in subpopulations of previously described interneuron subtypes (Fig. 3) (Freund and Buzsaki 1996; Yan et al. 1998b; Klausberger and Somogyi 2008) .
Within the pyramidal cell layer, a significant proportion of CRH interneurons co-expressed the Ca 2+ -binding protein PV (~ 43% of cells in CA1; Table 2 ), a neurochemical marker associated with fast-spiking basket cells, axo-axonic and bistratified cells (Freund and Buzsaki 1996) (Fig. 6 ). This observation is consistent with electron microscopy demonstrations of the co-expression of CRH and PV in a subpopulation of axo-axonic and basket cells in the pyramidal cell layer (Yan et al. 1998b ). Functionally, PV-expressing interneurons are typically associated with a fast-spiking phenotype (i.e., > 50 Hz at 22 °C; > 150 Hz at 35 °C) and rapidly decaying action potentials (Hu et al. 2014) . Our electrophysiological data indicate that only a small proportion of CRH interneurons within CA1 pyramidal cell layer were fast-spiking (2 out 17 cells), and all had a broad action potential half-width (Table 3 ). Whereas our anatomical data would suggest a higher fraction of fast-spiking CRH interneurons, it is important to realize that all three classes of described PV-expressing interneurons exhibit a variety of firing patterns in response to depolarizing current pulses (i.e., heterogeneous spike frequency adaptation) (Buhl et al. 1994 (Buhl et al. , 1996 Pawelzik et al. 2002) . Such functional heterogeneity may be associated with the co-expression of other peptides, e.g., SST and NPY in bistratified interneurons (Pelkey et al. 2017) although further studies are required to confirm this notion. Thus, it is tempting to speculate that CRH co-expression may be associated with different firing patterns of these PV-containing interneuron classes, either through different expression profile of specific voltage-gated ion channels (e.g., K + channels) or via the peptide modulating intrinsic neuronal excitability in an autocrine manner. In pyramidal cells, CRH activation of CRHR1 results in an increase in neuronal excitability at least in part through the inhibition of Ca 2+ -dependent K + channel function (Aldenhoff et al. 1983; , as well as through the attenuation of fast A-type and delayed rectifier K-type K + currents (Kratzer et al. 2013) . Given that such an increase in the excitability of CRH interneurons is not apparent here, and to date, CRH receptors have only been identified on pyramidal cells, it would seem more likely that CRH coexpression may be associated with changes in the expression of ion channels that underlie intrinsic neuronal properties.
Unexpectedly (Chen et al. 2012) , CCK co-expression with CRH was observed in a significant number of interneurons residing in str. radiatum, and to a lesser extent those located in str. pyramidale. Similar to PV-expressing interneurons, those expressing CCK typically innervate the perisomatic domains of pyramidal cells (Freund and Buzsaki 1996) , Fig. 6 Schematic illustration summarizing potential CRH co-expression within conventional interneuron subtypes located within str. pyramidale and str. radiatum of the hippocampus CA1. Schematic illustrating the nature of the dendritic ramifications for each interneuron subtype along with the respective subcellular domain(s) that they innervate on CA1 pyramidal cells (grey) and in some cases interneurons. Of those interneuron subtypes that have their soma located in str. pyramidale, the majority of CRH-expressing interneurons co-express PV (43%; 1-3), while a smaller population of cells coexpressed CCK (16%; 4). CRH co-expression has not been explored in Ivy cells (5; faded). Note that these cells share similar electrophysiological properties to CRH-expressing interneurons. Within str. radiatum CRH was only found to co-express CCK (34%; 6), with no co-localization with calbindin (7). The expression of CRH in S-C associated (8; faded) and apical dendrite innervating (9; faded) interneurons has not been determined. Note that CR is co-expressed in 21% and 25% of CRH interneurons located in str. radiatum (10) and str. pyramidale (11,12), respectively, raising the possibility that the neuropeptide may be expressed in a population of interneuronspecific interneurons. Note that our data indicates that CRH may be expressed in subpopulations of at least four subtypes of interneuron although they predominantly exhibit a regular firing pattern more reminiscent of that observed in type 2 neurons located in both laminae (Pawelzik et al. 2002) . These data support our prior reports of perisomatic CRH-containing axon terminals and boutons, studies carried out at both light microscopy and electron microscopy levels (Chen et al. 2004) .
A smaller population of CRH-interneurons in str. pyramidale and radiatum co-expressed CR, a peptide that has been associated with diverse interneuron subtypes (Fig. 6) (Freund and Buzsaki 1996; Gulyas et al. 1996; Tricoire et al. 2011) . Future anatomical analysis of their dendrites (e.g., spiny vs non-spiny) and their axonal ramifications would provide useful information regarding their target neurons (pyramidal cell or interneuron) and hence potential functional role(s). The relatively slow firing rate (i.e., < 50 Hz) and broad action potential half-width (i.e., indistinguishable from pyramidal cell) observed in the majority of CRH interneurons in str. pyramidale is reminiscent of Ivy cells, which typically express neuronal nitric oxide synthase (nNOS) and NPY (Fuentealba et al. 2008) . Given that both NPY and CRH-expressing interneurons have a broad action potential it is tempting to speculate that this is a characteristic required for the mobilization and release of small dense core vesicles containing the neuropeptide. A more extensive characterization of the neurochemical markers (e.g., nNOS, VIP and NPY) and the anatomy of CRH interneurons would prove useful in further classifying this population of neurons. Indeed, elucidating the nature of the dendritic and axonal projections of the diverse subpopulations of CRH interneurons in both hippocampal laminae would provide fundamental information regarding the likely origin of afferent inputs to these neurons as well as the subcellular regions that they innervate on their target cells. Such information may provide clues as to the possible role(s) of these cells in hippocampal function (see below).
Are CRH-expressing neurons more diverse than other populations of neuropeptide-defined cells?
Whether the level of neurochemical, anatomical and electrophysiological heterogeneity observed amongst CRH interneurons located in hippocampus CA1 is a unique feature to this class of cells is an interesting proposition. Indeed, when considered collectively our neurochemical and electrophysiological data suggest that at least four subtypes of CRH interneurons are expressed across strata pyramidale and radiatum. Such heterogeneity appears to be greater than the vast majority of other interneuron subtypes. For example, PV-ir neurons were primarily fast spiking, while the majority of CCK expressing neurons were regular spiking (Pawelzik et al. 2002) . This raises the possibility that the described heterogeneity is actually associated with the expression of CRH. The recent observation that CRH expressing interneurons within the extended and central nucleus of the amygdala exhibit neurochemical and structural heterogeneity (e.g., spiny and aspiny cells) lends support to this notion (Dedic et al. 2018 ).
Functional implications of CRH interneuron heterogeneity
The apparent heterogeneity of CRH-expressing interneurons at neurochemical, localization and electrophysiological domains raises the possibility that different types of CRHexpressing interneurons may perform specific functions within the hippocampus. Here, one has to consider also the distinct and potentially opposing effects of CRH release vs GABA release from these cells.
The excitatory effects of CRH upon pyramidal cell function have been well documented [for recent review see ]. These actions are mediated primarily via CRHR1 (Refojo et al. 2011; Kratzer et al. 2013; ), located at distinct somatic and dendritic sites on these cells (Chen et al. 2000 (Chen et al. , 2012 . Currently, the neuropeptide is believed to diffuse from its release site at inhibitory synapses, via volume transmission, and activate CRHR1 receptors located at adjacent excitatory synapses (Chen et al. 2012; van den Pol 2012) . While it remains to be determined whether CRH receptors are expressed on specific interneuron subtypes, the ability of the neuropeptide to modulate interneuron activity would be a potentially powerful mechanism by which hippocampal network activity could be regulated.
In addition to the postsynaptic actions of CRH, our understanding of how this peptide is released from these interneurons is extremely limited. Classically, neuropeptide release from dense core vesicles in the hypothalamus occurs from dendrites and is thought to require high-frequency excitatory drive (van den Pol 2012) . Within the hippocampus, there is no evidence to suggest that CRH is released from dendritic sites, rather the peptide congregates in the axon terminal where it is presumably released (Yan et al. 1998b; Chen et al. 2004 Chen et al. , 2012 . Whether CRH release is dependent upon specific frequencies of input that may occur during certain physiological or pathological contexts is unclear. In this regard, stress is known to trigger CRH release within the hippocampus (Chen et al. 2004 ) and this peptide has been implicated in mediating a number of stress-related effects upon hippocampal function (Chen et al. , 2016 . Furthermore, it is important to consider that the expression of CRH within the hippocampus may not be static rather it is conceivable that levels are dynamically regulated in response to specific physiological and/or pathological events such as stress. The neuropeptide is stably expressed within hippocampal interneurons throughout development, i.e., independent of stress (Chen et al. 2001) , while exposure to adverse early life experience increases the number of CRHexpressing interneurons in field CA1 and CA3 (Ivy et al. 2010) . However, the effect that acute stressor exposure has upon CRH expression, and the potential functional implications, remain to be determined.
The development of Crh reporter mouse lines has provided a useful tool to investigate the functional significance of these cells during stress exposure and recent studies have begun to utilize optogenetic and chemogenetic (DREADDs) approaches to investigate the functional role(s) that these neurons play during stressor exposure (Hooper et al. 2018 ). However, interpreting findings from such experiments will likely be complicated by the described heterogeneity of CRH interneurons, as well as the non-specific reporter labeling and the substantial differences in the fidelity of the different Crh reporter mouse lines (Chen et al. 2015; Hooper and Maguire 2016; Walker et al. 2018) .
In summary, hippocampal CRH-expressing interneurons are an especially diverse and heteregenous group of cells. It is tempting to speculate that the crucial importance of stress-induced changes in learning and memory might be at play: executing a rapid and complex spatiotemporal set of programs to respond, remember and adapt to stress signals should require a highly diverse and potent set of neurons within the hippocampal formation.
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